The thermochemical properties of melamine and cyanuric acid were characterized using mass spectrometry measurements along with computational studies. A triple-quadrupole mass spectrometer was employed with the application of the extended Cooks kinetic method. The proton affinity (PA), gas-phase basicity (GB), and protonation entropy (⌬ p S) of melamine were determined to be 226.2 Ϯ 2.0 kcal/mol, 218.4 Ϯ 2.0 kcal/mol, and 26.2 Ϯ 2.0 cal/mol K, respectively. The deprotonation enthalpy (⌬ acid H), gas-phase acidity (⌬ acid G), and deprotonation entropy (⌬ acid S) of cyanuric acid were determined to be 330.7 Ϯ 2.0 kcal/mol, 322.9 Ϯ 2.0 kcal/mol, and 26.1 Ϯ 2.0 cal/mol K, respectively. The geometries and energetics of melamine, cyanuric acid, and related ionic species were calculated at the B3LYP/6-31ϩG(d) level of theory. The computationally predicted proton affinity of melamine (225.9 kcal/mol) and gas-phase deprotonation enthalpy of cyanuric acid (328.4 kcal/mol) agree well with the experimental results. Melamine is best represented as the imide-like triazine-triamine form and the triazine nitrogen is more basic than the amino group nitrogen. Cyanuric acid is best represented as the keto-like tautomer and the N-H group is the most probable proton donor. (J Am Soc Mass Spectrom 2010, 21, 1720 -1729
M elamine (MEL) is a triazine-derivative and may be described by two structural isomers, the imide-like triazine-triamine [1] and the amide-like tautomer [2] . Cyanuric acid (CYA) is also a triazine-derivative and may also be described as two structural isomers, the enol-like triazine-triol and the keto-like tautomer. Although MEL and CYA both share a triazine framework, they have quite different reactivity.
Both MEL and CYA are important industrial chemicals. MEL is used as a monomer to make thermosetting polymers, is one of the major colorant components in inks and plastics, and is an ingredient in flameretardants [1] [2] [3] [4] [5] . MEL is also a metabolic byproduct or photo-degradation product of cyromazine, where cyromazine is used as a pesticide for plants [6, 7] . MEL has a high nitrogen content (66%), which had been misused as a fertilizer [8] . CYA is commonly used as a component of bleaches in swimming pools [9, 10] . MEL and CYA are both soluble in water. When combined, they form an insoluble crystal. The crystal is the result of the formation of a complex between MEL and CYA connected through an extended two-dimensional hydrogenbonding network [11] . Under controlled conditions, MEL and CYA as well as their derivatives can form hydrogen-bonded self-assemblies with specific surface structures, and these assemblies have been used as surface templates in supramolecular chemistry [12] [13] [14] [15] . The formation of the MEL-CYA complex is believed to be the main cause for kidney failure in children and pet animals when they consume tainted food [16 -18] .
In recent years, many analytical methods have been developed to detect trace amount of MEL and CYA in potentially contaminated food. This includes mass spectrometry-based methods [19 -24] , surface-enhanced Raman spectrometry applications [25] , and other chemical methods [26] . In fact, all major mass spectrometer vendors use the detection of MEL and CYA as cases to demonstrate their instruments' performances [27] [28] [29] [30] [31] . All mass spectrometry methods require that MEL and CYA are being ionized in the gas phase. The efficiency of formation of charged MEL and CYA is directly related to the acid-base properties.
Although the thermochemical properties of MEL and CYA have been investigated in the condensed phase, the gas-phase studies are very limited [32] [33] [34] [35] . Some important questions regarding the intrinsic properties of these two compounds remain unanswered. MEL and CYA are a base and an acid, respectively. What are the quantitative values of the basicity and acidity? Which group is the most likely protonation or deprotonation site? Can MEL function as an acid and CYA function as a base as well? What are the most favored structures of MEL and CYA in the gas phase? In this paper, we describe the mass spectrometry measurements and computational studies of the gas-phase acid-base properties and the structural features of MEL and CYA.
Experimental
The Kinetic Method
The gas-phase basicity of melamine and the gas-phase acidity of cyanuric acid were determined using mass spectrometry techniques with the application of the extended Cooks kinetic method [36 -39] . The Cooks kinetic method has been widely used to determine thermochemical properties of gas-phase neutral molecules and ions [40 -50] . The gas-phase basicity (GB) of a base, B, is defined as the Gibbs free-energy change for the reaction BH ϩ ¡ B ϩ H ϩ . The proton affinity (PA) and the protonation entropy (⌬ p S) of B are the enthalpy and entropy changes for the same reaction, respectively. The gas-phase acidity (⌬ acid G) of an acid HA is defined as the Gibbs free-energy change for the reaction AH ¡ A Ϫ ϩ H ϩ . The corresponding enthalpy and entropy changes are referred to as the gas-phase deprotonation enthalpy (⌬ acid H) and deprotonation entropy (⌬ acid S), respectively.
For measuring the PA of a basic species, B, a protonbound heterodimer, [B·H·B i ] ϩ is generated in the gas phase, where B i is a group of reference bases with known PA values. The proton-bound dimer ions are accelerated and undergo collision-induced dissociation (CID) in the collision cell. Ideally, the energized dimer ions will fragment to yield two product ions, BH ϩ and B i H ϩ , with rate constant k and k i , Scheme 1. If the secondary fragment ions are negligible, the ratio of the rate constants, k/k i , can be assumed to be the ratio of the CID fragment ions, [
. With the assumption that there are no reverse activation barriers, the gas-phase basicities of B and B i are related by a linear equation, eq 1, where R is the universal gas constant and T eff is called the "effective temperature" [51] [52] [53] [54] . To evaluate the entropy contribution, the gas phase basicity is replaced by proton affinity according to the thermodynamic relationship, GB ϭ PA Ϫ T eff (⌬ p S). The term ⌬(⌬S) is the difference of the activation entropies between the two competing dissociation channels, ⌬(⌬ p S) ϭ ⌬S (k) Ϫ ⌬S (k i ). If the reference bases all have similar structures, then the term ⌬(⌬S) can be assumed to be constant. Under the assumption of the negligible reverse activation barrier, ⌬(⌬S) can be calculated using the protonation entropies of the two bases (B and B i ), ⌬(⌬S) Ϸ ⌬ p S Ϫ ⌬ p S i . To have a proper statistical treatment of the uncertainty throughout the data analysis, the average proton affinity of the reference acids, PA avg , was introduced and eq 1 was converted to eq 2, where ln
) has a linear relationship with PA Bi Ϫ PA avg [55, 56] .
The proton affinity of B can be derived from two sets of thermo-kinetic plots based on eq 2. The first set consists of the linear plot of ln
The slope will be Ϫ1/RT eff and the y-intercept will be [(PA B Ϫ PA avg )/RT eff Ϫ ⌬(⌬S)/R]. If the CID experiments are carried out at several collision energies, a set of linear plots with different slopes and intercepts will be obtained. The group of slopes and intercepts will be used to construct the second set of the thermo-kinetic plot by plotting the values of y ϭ [(PA B Ϫ PA avg )/RT eff Ϫ ⌬(⌬S)/R] against 1/RT eff . The slope will be PA B Ϫ PA avg , and the y-intercept will be Ϫ⌬(⌬S)/R. Since PA avg is a known value, PA B as well as the entropy term (⌬(⌬S)) can then be obtained. The protonation entropy of B can be calculated using the equation, ⌬ p S B ϭ ⌬(⌬S) ϩ ⌬ p S Bi . Since protonation entropy varies slightly from one reference base to the other, the average entropy (⌬ p S avg ) of the reference bases can be used as the value of ⌬ p S Bi . With the protonation enthalpy and entropy available, the gas-phase basicity of B can be calculated using eq 3, where T ϭ 298 K.
For measuring the acidity, a proton-bound heterodimer,
, is generated in the gas-phase, where A i H is a group of reference acids with known gas-phase acidities and deprotonation enthalpies. Upon the CID exper- H and ⌬(⌬S) are obtained from the slope and the intercept of the second plot, respectively. By assuming that ⌬ acid S i equals the average deprotonation entropy (⌬ acid S avg ) of the reference acids, the deprotonation entropy (⌬ acid S) of AH can also be obtained. Finally, the gas-phase acidity of AH can be derived from eq 5.
In(
The uncertainties of the average proton affinity (PA avg ) and deprotonation enthalpy (⌬ acid H avg ) were calculated as the root sum square of the random and systematic errors. For a set of six reference bases, the random error was treated as the averaged uncertainty of the reference bases (Ϯ2.0 kcal/mol) divided by the square root of the number of the reference acids, (2.0/͌6) ϭ 0.82 kcal/ mol, and the systematic error was assigned as ͌2.0 ϭ 1.4 kcal/mol. The root sum square of the random and systematic errors yielded ͌(0.82 2 ϩ 1.4 2 ϭ 1.6 kcal/ mol.
Mass Spectrometry Measurements
All experiments were carried out in a triple-quadrupole mass spectrometer with an electrospray ionization (ESI) source (Varian 1200 L; Varian Inc., Walnut Creek, CA, USA) located in the Mass Spectrometry Facility in the Chemistry Department of the University of the Pacific. Nitrogen was used as the desolvation gas and the drying gas temperature was set at 100 -150°C. The ion source was kept at 50°C. The hexapole ion guide chamber has about 1 mTorr nitrogen gas. Ions generated in the ESI source are presumed to be thermalized by multiple collisions with the nitrogen molecules in the ion guide chamber. The CID experiments were performed by isolating the proton-bound heterodimeric ions with the first quadrupole with a peak width of ϳ1.0 -1.2 (instrument parameter), adjusted to maximize ion signal while still maintaining sufficient resolution. The isolated ions were allowed to collide with argon atoms leaked into the collision chamber at a pressure of 0.40 Ϯ 0.03 mTorr. The dissociation product ions were analyzed with the third quadrupole with a peak with of ϳ1.2. For the proton affinity measurements, the instrument was set in the positive ion mode. Nitrogen was used as the nebulizing gas. The ESI needle voltage was maintained at 5.0 kV and the capillary voltage was kept at about 15 V. The capillary voltage was found to be critical in forming proton-bound dimer ions. For the gas-phase acidity measurements, the instrument was set in the negative ion mode and compressed air was used as the nebulizing gas. The ESI needle voltage was maintained at Ϫ4.5 kV and the capillary voltage was kept at Ϫ20 to Ϫ40 V.
The CID spectra were initially recorded at several collision energies with the m/z range wide enough to cover all possible secondary fragments. The CID product ion intensities were measured by setting the instrument in the selected reaction monitoring (SRM) mode in which the scan was focused on selected product ions. All fragment ions resulting from the isolated protonbound dimer ions were recorded in a single data acquisition process, lasting typically for ϳ5 min. Each acquisition was repeated three times in 1 d. Multiple measurements were performed on different days and the results were repeatable with a relative uncertainty of around Ϯ5%. The CID experiments were performed at five different collision energies, corresponding to the center-of-mass energies (E cm ) of 1.0, 1.5, 2.0, 2.5, and 3.0 eV, respectively. The center-of-mass energy was calculated using the equation:
where E lab is the collision energy in laboratory frame, m is the mass of argon, and M is the mass of the protonbound dimer ion.
Chemicals
MEL was purchased from Alfa Aesar (Ward Hill, MA, USA) and CYA was purchased from Acros Organics (Morris Plains, NJ, USA). All other compounds were purchased from Sigma-Aldrich (St. Louis, MO, USA). All chemicals were used without further purification. Stock solutions (ϳ10 Ϫ3 M) of MEL, CYA, all reference bases, and reference acids were made up in HPLC- grade methanol and water with a 50:50 (vol:vol) ratio. The stock solution of MEL or CYA was mixed with that of a reference compound in appropriate volume ratios and the mixture was further diluted with methanol and water (50:50) to achieve a final concentration of 10 Ϫ4 Ϫ10 Ϫ5 M to be used as the sample solution. The sample solution was introduced into the ESI source by an infusion pump at a flow rate of 10 L/min.
Computational Method
All computational studies were carried out using the Gaussian W03 suite of programs [57] . Geometry optimizations, frequency, and energy calculations were performed with density functional theory (DFT) at the B3LYP/6-31ϩG(d) level [58 -61] . For each molecular species, the true energy minimum was confirmed by the absence of any imaginary frequency. The theoretical proton affinity of MEL and the gas-phase deprotonation enthalpy of CYA were calculated using the isodesmic proton transfer reactions, eqs 6 and 7, where B i and A i H are reference base and reference acid, respectively.
Results

Experimental Results for Melamine
Six amine bases (B i ) with proton affinities ranging from 223 to 231 kcal/mol were chosen as the references: cyclohexylamine, t-butylamine, pyrrolidine, diethylamine, piperidine, and dibutylamine, Table 1 . The relative proton affinity of MEL was examined by using CID-bracketing experiments. The relative CID product ion intensities should reveal the relative proton affinity between that of MEL and the reference base that forms the proton-bound dimer with MEL. The CID spectra ( Figure 1) show that the ion intensity of protonated MEL is stronger than that of protonated t-butylamine and weaker than that of protonated pyrrolidine, revealing that the proton affinity of MEL is between those of the two references.
The quantitative proton affinity of MEL was measured using the extended kinetic method. The natural logarithms of the CID product ion ratios,
, measured at five collision energies, 1.0, 1.5, 2.0, Obtained from the NIST Chemistry Webbook [63] . All PA and GB values are assumed to have 2.0 kcal/mol of uncertainty. ϩ , where tBA ϭ t-butylamine and PYR ϭ pyrrolidine. In (a), a noise peak is labeled as x.
2.5, and 3.0 eV (E cm ), are shown in Table 2 , where BH ϩ and B i H ϩ represent protonated MEL and reference base, respectively. The secondary fragment ions were insignificant (less than 1%) in this energy range and were not counted in the data analysis. The corresponding thermo-kinetic plots (the first set of the plots) of Figure 2a , where PA avg is 226.7 Ϯ 1.6 kcal/mol (Table  1) . Linear regression with a least-squares fit of the data points at each collision energy yields a straight line with the slope of Ϫ1/RT eff and the y-intercept of [(PA MEL Ϫ PA avg )/RT eff Ϫ ⌬(⌬S)/R]. The slopes and intercepts together with the obtained effective temperatures are summarized in Table 2 .
The proton affinity for MEL was derived from the second set of plots. The plot was generated by plotting the values of y ϭ [(PA MEL Ϫ PA avg )/RT eff Ϫ ⌬(⌬S)/R] obtained from the first set of the plots against the corresponding 1/RT eff , Figure 2b . Linear regression with a least-squares fit of the data gives a straight line with a slope of Ϫ0.49 Ϯ 0.12 kcal/mol (PA MEL Ϫ PA avg ) and an intercept of Ϫ0.16 Ϯ 0.10 kcal/mol (Ϫ⌬(⌬S)/R). Combined with the value of PA avg (226.7 Ϯ 1.6 kcal/ mol), the proton affinity of MEL was derived to be 226.2 Ϯ 1.7 kcal/mol. The intercept yields Ϫ0.33 Ϯ 0.20 cal/mol K as the value of ⌬(⌬S). The protonation entropy of MEL (⌬ p S MEL ) was calculated using the relationship, ⌬ p S ϭ ⌬(⌬S) ϩ⌬ p S avg , where ⌬ p S avg ϭ 26.9 Ϯ 1.6 cal/mol K (Table 1) , and the value of ⌬ p S MEL was obtained to be 26.2 Ϯ 1.6 cal/mol K. The uncertainties were calculated by weighted orthogonal distance regression (ODR) using the ODRPACK suite of programs [62] Table 3 . With the proton affinity and the protonation entropy available, we de- 
The data include Ϯ5% of uncertainty. rived the gas-phase basicity of MEL (GB MEL ) to be 218.4 Ϯ 2.0 kcal/mol by using eq 3.
Computational Results for Melamine
Two tautomeric forms of melamine were examined. The imide-like triazine-triamine form, 1, is about 34 kcal/ mol more stable than its amide-like tautomer, 2, at the B3LYP/6-31ϩG(d) level. Both tautomers have a planar geometry. Protonation at any nitrogen atom does not change the overall geometry. The proton affinity for each type of nitrogen atom in the two tautomeric forms was calculated using the isodesmic proton transfer reaction, eq 6. For tautomer 1, with using pyridine (PA ϭ 222 kcal/mol) [63] as the reference base, the proton affinity of the triazine nitrogen was calculated to be 225.9 kcal/mol, and with using aniline (PA ϭ 210.9 kcal/mol) [63] as the reference base, the proton affinity of the amino nitrogen was calculated to be 208.5 kcal/ mol. The proton affinity of tautomer 2 was calculated using piperidine (PA ϭ 228 kcal/mol) as the reference base. The proton affinities for the nitrogen on the ring and the nitrogen on the side chain are 182.2 kcal/mol and 223.1 kcal/mol, respectively. The stable tautomer of MEL has three NH 2 groups, indicating that MEL also has acidic character, although expected to be weak. The gas-phase deprotonation enthalpy of tautomer 1 (the N-H acidity) was calculated using eq 7 with urea (⌬ acid H ϭ 361.8 Ϯ 2.8 kcal/mol) [63] as the reference acid. The value obtained was 360.5 kcal/mol.
Experimental Results for Cyanuric Acid
Four structurally similar halogenated carboxylic acids (A i H) were selected as the references: chloroacetic acid (ClCH 2 CO 2 H), bromoacetic acid (BrCH 2 CO 2 H), dibromoacetic acid (Br 2 CHCO 2 H), and trifluoroacetic acid (F 3 CCO 2 H), Table 4 . The CID bracketing experiments suggest that the acidity of CYA is between those of difluoroacetic acid and dibromoacetic acid. The CID spectra are shown in Figure 3 .
The quantitative gas-phase deprotonation enthalpy of CYA (⌬ acid H CYA ) was measured using the extended kinetic method. For the references containing chlorine and bromine, the proton-bound dimer ions displayed multiple isotope peaks. The most abundant isotope peaks were selected as the precursor ions for the CID experiments. All deprotonated reference acids produced noticeable secondary fragments by losing the CO 2 group at higher collision energies. About 2% of deprotonated CYA also fragmentation further. All secondary fragments were counted in the data analysis. Table 5 .
The value of ⌬ acid H CYA was derived from the second set of the plot. The plot was generated by plotting the (Table 1) .
b Derived using eq 3, where T ϭ 298 K.
c Calculated using the isodesmic reaction (eq 6) with pyridine as the reference base. Figure 4b . Linear regression with a least-squares fit gave a straight line with a slope of 1.23 Ϯ 0.11 (⌬ acid H CYA Ϫ ⌬ acid H avg ) and an intercept of Ϫ1.70 Ϯ 0.09 (Ϫ⌬(⌬S)/R). Combined with ⌬ acid H avg , the value of ⌬ acid H CYA was derived to be 330.7 Ϯ 1.8 kcal/mol. The intercept gave the value of ⌬(⌬S) to be 3.33 Ϯ 0.18 cal/mol K. The deprotonation entropy of CYA (⌬ acid S CYA ) was calculated to be 26.1 Ϯ 1.8 cal/mol K by using the relationship ⌬ acid S ϭ ⌬(⌬S) ϩ⌬ acid S avg , where ⌬ acid S avg ϭ 22.8 Ϯ 1.8 cal/mol K (Table 4) . Considering the uncertainties in the reference acids, we assign Ϯ2.0 kcal/mol for ⌬ acid H CYA , and Ϯ2.0 cal/mol Ϫ . In (b) the peak at X corresponds to the secondary fragment from the ion of Br 2 CHCO 2 Ϫ . 
The data include Ϯ5% of uncertainty. K for ⌬ acid S CYA . Finally, the gas-phase acidity of CYA (⌬ acid G CYA ) was derived to be 322.9 Ϯ 2.0 kcal/mol by using eq 5. The results are summarized in Table 6 .
Computational Results for Cyanuric Acid
The structures and energies of the two tautomers of CYA were calculated at the B3LYP/6-31ϩG(d) level. The keto-like tautomer, 4, is more stable than the enol-like triazine-triol form, 3, by 33 kcal/mol. Both forms have a planar geometry. Abstraction of any proton does not change the overall planar geometry. The gas-phase deprotonation enthalpy of tautomer 4 (the N-H bond acidity) was calculated to be 328.4 kcal/mol by using the eq 7 with urea (⌬ acid H ϭ 361.8 Ϯ 2.8 kcal/mol) [63] as the reference. The deprotonation enthalpy of tautomer 3 (the O-H bond acidity) was calculated to be 329.2 kcal/mol with phenol (⌬ acid H ϭ 350 Ϯ 2 kcal/mol) [63] as the reference acid. CYA may also function as a base. The proton affinity of tautomer 4 was calculated using eq 6. The proton affinity at the oxygen was given to be 163.2 kcal/mol with cyclohexanone (PA ϭ 210. kcal/mol) [63] as the reference base. With piperidine as the reference, the proton affinity at the nitrogen was given to be 181.5 kcal/mol.
Discussion
Computational studies clearly show that in the gasphase the imide-like triazine-triamine tautomer (1) is energetically more favored for MEL, while the keto-like tautomer (4) is energetically more favored for CYA. Early studies by X-ray crystallography and ultraviolet absorption experiments also suggested that MEL and CYA could be represented best by the imide-like and keto-like tautomers, respectively, in both the solid state and in solution [64] . The differences in the preference for the tautomeric forms can be understood by considering the energies involved in the tautomerization. The conversion from the imide-like form to the amide-like form in MEL merely trades one CϭN for another, and the tautomerization is about thermal neutral. The resonance energy gained in the imide-like form makes this tautomer more favored than the amide-like form. While in the tautomerization of CYA from the enol-like form (3) to the keto-like one (4), the three NϭC-OH connections are converted to three HN-CϭO connections. It has been estimated that the tautomerization form NϭC-OH to HN-CϭO is exothermic by about 10 kcal/ mol. The conversion from tautomer 3 to tautomer 4 is accompanied by a stabilization energy of about 30 kcal/mol. This energy is sufficient to overcome the resonance energy in the triazine ring [64, 65] .
The proton affinity and the gas-phase basicity of MEL were determined to be 226.2 Ϯ 2.0 kcal/mol and 218.4 Ϯ 2.0 kcal/mol, respectively. In either of the two tautomers, there are two possible protonation sites, the nitrogen on the ring and the nitrogen on the outside of the ring. Theoretically predicted proton affinities are quite different for these nitrogen atoms. In the more stable tautomer, 1, the calculated proton affinity for the triazine nitrogen is 225.9 kcal/mol and for the amino group nitrogen is 208.5 kcal/mol. The former value is in good agreement with the experimental result. Apparently the triazine nitrogen is more basic than the primary amino group nitrogen. This is reasonable based on the general understanding of the heterocyclic aromatic systems. The lone pair of electrons on the amino nitrogen is largely delocalized into the aromatic ring system, while the lone pair on the triazine nitrogen is largely localized on the nitrogen atom. The electron delocalization effect on the proton affinity is clearly seen in the case of aniline versus pyridine. The proton affinity of pyridine (222 kcal/mol) is about 10 kcal/mol stronger than that of aniline (210.9 kcal/mol). The proton affinity of MEL is also higher than that of pyridine. This can be explained by electron donating effect from the three amino groups in MEL, which would increase the electron density on the triazine nitrogen.
The kinetic method yielded the protonation enthalpy and the gas-phase acidity of CYA to be 330.7 Ϯ 2.0 kcal/mol and 322.9 Ϯ 2.0 kcal/mol, respectively. CYA is a slightly stronger acid than difluoroacetic acid. Theoretically the N-H bond in the keto-like tautomer 4 (329.2 kcal/mol) has a comparable deprotonation enthalpy to the O-H bond in the enol-like tautomer 3 (328.4 kcal/mol). Both values agree well with the experimental value. Since tautomer 4 is energetically more favored and is likely the only form in the gas phase, the measured deprotonation enthalpy reflects that for the N-H bond in tautomer 4. Derived using eq 5, where T ϭ 298 K.
c Calculated using the isodesmic reaction (eq 7) with urea as the reference.
Can MEL be used as an acid and CYA be used as a base? The three NH 2 groups in 1 indicate that MEL has acidic character. Computational studies suggest that MEL is a weak acid and has the acidity comparable to that of urea in the gas-phase. CYA has two basic sites, the oxygen and the nitrogen. In tautomer 4, the nitrogen is about 20 kcal/mol more basic than the oxygen. Computational studies suggest that CYA is a weak base with the basicity comparable to that of pentafluoropyridine (PA ϭ 182.8 kcal/mol) [63] .
The derived protonation entropy for MEL, 26.2 cal/ mol K, is about the same as those of the reference bases ( Table 1 ). The obtained deprotonation entropy for CYA, 26.1 cal/mol K, is about 3 cal/mol K higher than those of the reference acids (Table 4 ). MEL and CYA have a similar geometry. Addition or abstraction of a proton does not change the rigid planar geometry. Therefore, it is expected that the protonation entropy for MEL and the deprotonation entropy for CYA should be about the same. The set of reference bases used in the MEL system are primary and secondary amines, and they all have relatively rigid structures. It is not surprising that the protonation entropy for MEL is comparable to those of these amines. The structures of the group of reference acids used in the CYA system are relatively flexible. Upon deprotonation, small geometry changes are expected, and these changes would result in a slightly more compacted geometry and, hence, a reduced entropy. It is reasonable that the deprotonation entropies of the references are slightly lower than that of CYA.
Conclusions
We have determined the gas-phase thermochemical quantities of melamine and cyanuric acid using the extended kinetic method along with computational studies. MEL is a stronger base than pyridine. The proton affinity, gas-phase basicity, and protonation entropy for MEL were determined to be PA ϭ 226.2 Ϯ 2.0 kcal/mol, GB ϭ 218.4 Ϯ 2.0 kcal/mol, and ⌬ p S ϭ 26.2 Ϯ 2.0 cal/mol K, respectively. CYA is a slightly stronger acid than difluoroacetic acid. The deprotonation enthalpy, gas-phase acidity, and deprotonation entropy for CYA were determined to be ⌬ acid H ϭ 330.7 Ϯ 2.0 kcal/mol, ⌬ acid G ϭ 322.9 Ϯ 2.0 kcal/mol, and ⌬ acid S ϭ 26.1 Ϯ 2.0 cal/mol K, respectively. The computationally predicted proton affinity of MEL (225.9 kcal/mol) and gas-phase deprotonation enthalpy of CYA (328.4 kcal/ mol) agree well with the experimental results. In addition, MEL also has an acidic character and CYA has a basic character. MEL is a weak acid comparable to urea, and CYA is a weak base comparable to pentafluoropyridine. MEL is best represented as the imide-like triazine-triamine form, and the triazine nitrogen is more basic than the amino group nitrogen. CYA is best represented as the keto-like tautomer and the N-H group is the most possible proton donor.
